ABSTRACT: The purpose of this study is to determine whether full-thickness tibiofemoral cartilage defects are predictive of incident radiographic OA, progression of radiographic OA, and progression to severe radiographic OA. Participants in the OA Initiative (n ¼ 1317, 38.1% male, mean age 60.9 years SD 9.2) with baseline MRIs and Kellgren-Lawrence (KL) OA grade 0-3 (none to moderate OA) were included. All participants had follow-up radiographs at mean 4.9 years (max 8.0). The effect of full-thickness defect presence, size, and location on risk of incident OA (KL grade 2þ), overall progression of OA (increase in KL grade 1þ points), or compartmentspecific OA progression was assessed with Cox proportional hazards modeling with adjustment for demographic factors, weight, and knee alignment. The yearly incidence of tibiofemoral OA was 0.3% (CI 0.2-0.4%); defect presence, size, and location were not associated with incident OA risk. The yearly rate of OA progression was 3.8% in participants without tibiofemoral full-thickness defects, 6.7% with medial defects, and 6.3% with lateral defects. Medial bipolar (kissing) lesions were an independent risk factor for OA progression as well as medial compartment progression. Lateral tibial-sided full-thickness defects increased risk of lateral progression (increase in lateral OARSI grade). In older adults, isolated full-thickness cartilage defects do not increase short-term risk of incident OA. However, in the setting of preexisting mild or moderate OA, medial bipolar (kissing) defects increase risk of overall OA progression (KL grade) as well as progression of medial compartment OA. Lateral tibial defects increase risk of lateral compartment OA progression. ß
Knee osteoarthritis (OA) is common and is a potential source of severe knee symptoms. Self-reported knee OA symptoms have been seen in 10.5% of individuals above the age of 18 years. 1 Knee OA is especially prevalent in older populations, with 29.1% of men and 41.5% of females above the age of 65 having selfreported or diagnosed OA. 1 Isolated knee cartilage defects are common in older patients, with a >80% prevalence of cartilage defects of varying grades in subjects with symptomatic knee OA (mean age 66 years). 2 In asymptomatic middle-age adults that do not have knee OA, partial thickness defects of medial (61%) and lateral (43%) compartments are common and have been associated with an increase in loss of cartilage over time. 3 In an observational cohort study of middle-aged women, full-thickness cartilage defects were present in baseline MRI's in 14.5% of medial compartments, 4.6% of lateral compartments, and 26.2% of patellofemoral compartments, and the prevalence of moderate-to-severe OA increased from 3.7% at baseline to 26.7% at 11-12 years follow-up. 4 Cartilage defects may facilitate the progression of knee OA via mechanical disruption or inflammatory pathways. The rough surfaces of the defect may create friction between the defect and the opposing focal chondral surface, facilitating cartilage breakdown. 5, 6 It has also been shown that there are elevated levels of inflammatory cytokines in knee synovial fluid associated with both knee OA and focal full-thickness defects, which may potentially facilitate diffuse cartilage breakdown. 7, 8 The relationship between full-thickness tibiofemoral cartilage defects and risk of incident knee OA or accelerated progression of existing OA in older adults is not well understood. Specifically, though longitudinal studies have linked baseline focal cartilage damage to increased risk of OA incidence or progression, few analyses distinguish between partial thickness and full-thickness cartilage defects. A recent report from the Multicenter OA Study showed that participants who have, or are at high risk for, knee OA with partialthickness and full-thickness knee cartilage defects at baseline have a significantly higher risk of incident cartilage damage in other subregions of the knee, with no difference in risk for incident cartilage damage between those with partial and full-thickness defects at 30 months follow-up. 9 There have been several additional studies showing that knee cartilage defects of varying grade are associated with accelerated loss of cartilage volume over time, though comparison of fullthickness versus non-full thickness defects were not specifically addressed in the analyses. 3, 10, 11 The purpose of this study is to determine whether full-thickness tibiofemoral cartilage defects are predictive of: (i) incident radiographic OA; (ii) progression of radiographic OA (overall and compartment-specific progression); and (iii) progression to severe radiographic OA. We hypothesize that full-thickness cartilage defects will significantly influence OA incidence and OA progression, as well as compartment-specific progression, in older adults.
METHOD Data Sources and Patient Selection
The OA Initiative (OAI) is an NIH-funded, multi-center, observational cohort study focused on knee OA. The study protocol, amendments, and informed consent documentation were reviewed and approved by the Institutional Review Boards at all participating sites. Participants ages 45-79 (n ¼ 4,796) were recruited into either a progression subcohort (frequent knee symptoms and radiographic OA present at baseline) or an incidence subcohort (asymptomatic or radiographically absent OA at baseline but with risk factors for incident OA). Data used in the preparation of this article were obtained from the OAI database, which is available for public access at http://www.oai.ucsf.edu/. Specific datasets used are the baseline clinical dataset (version 0.2.2), baseline magnetic resonance imaging (MRI) dataset (Eckstein group) (version 0.6), as well as semi-quantitative x-ray datasets (Boston University group) at baseline (version 0.8) and months 12 (version 1.8), 24 (version 3.7), 36 (version 5.7), 48 (version 6.5), 72 (version 8.2), and 96 months (version 10.2).
We utilized a sample of all OAI participants who had baseline knee MRIs that were quantitatively assessed by a single vendor (Chondrometrics, Gmbh, Ainring; Parcelsus University, Salzburg) and had a Kellgren-Lawrence (KL) OA grade 12 no higher than three on baseline bilateral knee radiographs. All included patients had semi-quantitative Xray assessment of OA grade at baseline as well as at least one follow-up visit. Patients with evidence of total or partial knee arthroplasty or radiographically severe OA (defined as KL grade 4) on either knee at baseline were excluded. No further inclusion or exclusion criteria were applied. The sample population (n ¼ 1,317) is 38.1% male, 61.8% female, with a mean age of 60.9 years (SD 9.2) ( Table 1 ). The mean length of follow-up from baseline to the most recent semiquantitative radiographic evaluation is 4.9 years (SD 2.0, minimum 2.0 years maximum 8.0 years). At baseline, 30.1% have no radiographic OA (KL grades 0-1), 45.9% have mild OA (KL grade [2] ), and 24.1% have moderate radiographic OA (KL grade [3] ). Among participants without baseline OA (KL grade 0-1) (n ¼ 396), the prevalence of full-thickness defects is 11.6%, and among participants with OA (KL grades 2-3), the prevalence is 48.8%. Mean medial tibiofemoral fullthickness defect size was 1.03 cm 2 
Clinical Assessments
Demographic data and self-reported knee symptom data were utilized from the baseline study visit. Age, height, and weight at enrollment were utilized. Activity level was assessed by the Physical Activity Scale for the Elderly (PASE). 13 History of ipsilateral knee injury was defined by report of an injury severe enough to limit walking ability for at least 2 days. History of knee surgery was defined by report of any arthroscopic or open surgical procedure on the ipsilateral knee. Baseline knee-related symptoms were assessed with the Knee injury and Osteoarthritis Outcome Score (KOOS) pain subscore 14 as well as the Western Ontario and McMaster Universities Arthritis Index (WOMAC) pain subscore. 15 Both the KOOS and WOMAC instruments have good reliability and validity for assessing patients with OA 15, 16 and have good responsiveness in patients with cartilage defects. 17, 18 MRI Assessment All patients underwent 3.0 T knee MRIs at baseline. Articular cartilage segmenting of all knee MRIs was performed on either a coronal fast low angle shot (FLASH) water excitation (WE) sequence (1.5 mm slice thickness) or sagittal double echo steady state (DESS) WE sequence (0.7 mm slice thickness). 19 All knee MRIs were assessed by a single vendor (Chondrometrics, Gmbh, Ainring; Parcelsus University, Salzburg); the measurement protocol has been previously reported and validated by Eckstein et al. and Wirth et al. 20, 21 Subchondral surface area and area of subchondral bone denuded cartilage reported by the vendor were utilized in this analysis. A full-thickness cartilage defect was defined as evidence of denuded subchondral bone, regardless of size, on either the weight bearing femoral condylar or tibial plateau of either the lateral or medial compartment. Significant progression in full-thickness defect size was defined as an increase in surface are of 1.0 cm 2 or more from baseline. Osteophytes and cartilage overlying osteophytes were not included in any subchondral bone or cartilage measurements. The tibiofemoral subchondral surface area ratio (SSR) is defined as the weight-bearing femoral subchondral surface area divided by the tibial subchondral surface area of the corresponding compartment; it is a valid and reliable measure in knee with KL OA grade 3 or less. 22 Meniscus tears were not assessed as part of the quantitative cartilage assessment.
X-Ray Assessments
All OAI radiographs and radiologic assessments were obtained using a standardized protocol; all measurements were extracted directly from the OAI database. Baseline bilateral knee radiographs were obtained with a standard fixed-flexion posterior-anterior (PA) view and a KellgrenLawrence (KL) grade 12 for OA severity was assigned by two independent reviewers with an established adjudication process for discrepant scores. Data on coronal knee alignment were also utilized; these measures were obtained on full-limb radiographs with a standard protocol. 23 The Osteoarthritis Society International (OARSI) atlas was utilized to define compartment-specific radiographic OA severity. 24 The OARSI grading system assigns individual grades of normal (grade 0), 1þ, 2þ, or 3þ (severe) radiographic OA changes to the medial and lateral tibiofemoral compartment. 24 For the purpose of this study, incident OA was defined as progression to KL grade 2 or higher in participants with a baseline KL grade of 0-1 (no arthritis). Progression of OA was defined as progression of KL grade of 1 point or more from the baseline study visit. Compartment-specific OA progression was defined as increase in medial or lateral OARSI grade of 1.0 points or greater from the baseline study visit.
Statistical Analysis
All analyses were reported in a standard statistical software package (STATA version 13.1, College Station, TX). Descriptive statistics were first generated for the entire sample. Rates of OA incidence and progression (reported per personyear at risk) were determined for the overall sample and after stratification by full-thickness defect presence. To determine independent risk factors for OA incident and progression, separate multivariate Cox proportional hazards models were created for the following: (i) incident OA (n ¼ 396 participants at risk); (ii) progression of OA (increase in KL grade, 1317 at risk); (iii) progression to severe OA (KL grade 4, 1317 at risk; (iv) progression of medial OA (increase in medial OARSI grade, 1317 at risk); and (v) progression of lateral OA (increase in lateral OARSI grade, 1317 at risk). All baseline variables (Table 1) were considered for inclusion in the multivariate models. A backward selection method was utilized with an exit criteria of alpha >0.05. If there was evidence of confounding as defined as a change in estimate criterion of >15% 25, 26 for significant independent risk factors of OA progression, the confounding variable was kept in the model regardless of alpha level. The percent change in estimate is determined by comparing the effect size of the risk factor of interest with versus without inclusion of the potentially confounding variable in the multivariate model; this is a reliable method for assessment of confounding that is commonly used in epidemiologic research. 25, 26 All biologically plausible interaction terms were assessed, none of which were statistically significant and were therefore excluded from the final fully-adjusted proportional hazards models.
RESULTS
Risk of Incident OA Among participants without baseline OA (n ¼ 396 participants 2,390 years at risk), the incidence of OA was 3.6% per person-year (CI 2.9-4.5%) ( Table 2 ). The rate of progression in participants without defects was 3.8% (CI 3.2, 4.4), with medial defects was 6.7% (CI 5.3, 8.4) and with lateral defects was 6.3% (CI 5.1, 7.8). A higher baseline KL grade, higher medial subchondral surface area ratio, and greater participant weight (kg) were all independent risk factors for progression in KL grade (Table 4) . After adjustment for these risk factors, presence of a bipolar "kissing" medial compartment lesion was significantly associated with higher OA progression risk (HR 3.05 CI 1.85, 4.86; p < 0.001). Lateral tibial defects (HR 1.62, CI 1.11, 2.32; p ¼ 0.01) as well as larger lateral defects (per 1.0 cm square increase: HR 1.29 CI 1.01, 1.60) had higher independent risk of OA progression.
Risk of Progression to Severe OA (KL Grade 4)
The overall rate of progression to severe OA (n ¼ 1,317, 6,373 years at risk) was 1.1% per personyear (CI 0.9, 1.4) ( Table 2 ). Without baseline fullthickness defects the rate was 0.3% per person-year (CI 0.2, 0.5). With medial defects present at baseline, the rate was 4.1% (CI 3.1, 5.5), and with lateral baseline defects the rate was 1.8% (CI 1.2, 2.6). Risk of progression to severe OA was significantly dependent on baseline OA grade (particularly KL grade 3, HR 8.48 CI 3.74, 20.8, p < 0.001) ( Table 5 ). After controlling for baseline OA grade, there was a general 
Risk of Medial Compartment OA Progression (Increase in Medial OARSI Grade)
The rate of medial compartment progression (increase in OARSI grade 1.0 points or more from baseline) was 3.2% per person year (CI 2.8, 3.7) overall and 5.3% (CI 5.0, 8.0) with participants with full-thickness medial defects at baseline. Risk of medial OA progression was greater with a higher initial OARSI grade, a higher medial subchondral surface area ratio, higher patient weight (kg), and amount of knee varus (Table 6 ). Controlling for these factors, risk of medial compartment progression was increased when bipolar "kissing" defects were present (HR 2.76 CI 1.70, 4.35; p < 0.001).
Risk of Lateral Compartment OA Progression (Increase in Lateral OARSI Grade)
The rate of lateral compartment progression (increase in OARSI grade 1.0 points or more from baseline) was 1.2% per person year (CI 0.9, 1.5) overall and 2.4% (CI 1.7, 3.3) with participants with full-thickness lateral defects at baseline. Risk of lateral OA progression was greater with a higher initial OARSI grade, and greater knee varus was protective (Table 6 ). Controlling for these factors, risk of lateral compartment progression was increased when tibial defects were present (HR 1.96 CI 1.04, 3.56; p ¼ 0.04). There was a trend toward increased risk of progression with increase defect surface area (HR 1.25 CI 0.96, 1.63; p ¼ 0.11). Additionally, surface area was a significant confounder of the effect of defect presence on OA progression risk (25% change in estimate for tibial defects, 30% for femoral defects when surface area entered vs. removed from the model) and was therefore kept in the final multivariate model despite alpha >0.05 (Table 7 ).
DISCUSSION
The relationship between full-thickness tibiofemoral cartilage defects and knee OA in older adults is not well understood. Although full-thickness defects do not increase risk of incident knee OA, the most important finding of this study revealed that full thickness defects do accelerate progression of existing OA. Compartment-specific risk factors for OA progression, including the role of full-thickness defect size and location, have been identified. While defect presence, size, and location were not associated with risk of incident OA, the annual incidence of OA progression was higher in study participants with full-thickness defects compared to those without defects. These findings suggest that defect presence does not cause incident OA, but may exacerbate OA when present. There was also an association found between medial full-thickness defect presence and progression to severe OA, especially with femoral condyle unipolar defects and bipolar "kissing" defects. This may be due to increased mechanical wear on surrounding cartilage that is already undergoing thinning. Risk of compartment-specific progression in the analysis of medial OARSI grade progression increased in the presence of bipolar "kissing" defects, and risk of lateral OARSI grade progression increased in the presence of tibial defects. The higher rates of medial compared to lateral compartment progression are consistent with a higher prevalence of medial compartment OA seen in the general population. The mechanism of OA progression due to the presence of full-thickness cartilage defects remains unclear. One potential mechanism is local mechanical wear from the irregular margins of the defect on the opposing chondral surface. The uneven edges of the defect may create local propagation of the defect, the creation of loose bodies within the joint, or the effect of wearing down the cartilage of the opposing surface over which it glides. 5 This effect may be exacerbated in the case of bipolar "kissing" defects. As the two defect sites slide past one another, the rough edges may increase mechanical stress on the opposing surface and accelerate cartilage breakdown in the affected area. 6, 28 Another potential mechanism for increased risk of OA progression with the presence of full-thickness cartilage defects is that the defect may incite an inflammatory response and cause diffuse cartilage breakdown throughout the joint. Elevated levels of inflammatory cytokines are present in many joint diseases, including OA. 7 It has been shown that in the synovial fluid of patients with focal cartilage pathology, interleukins 6, and 13 (IL-6 and IL-13), interferon-y, and oncostatin M (OSM) cytokine levels were elevated compared to those without knee joint cartilage pathology. 8 This represents a similar response within the knee to both OA and cartilage pathologies. Synovial fluid from patients with focal cartilage pathology as well as OA has been shown to have negative effects on cartilage regeneration. 29, 30 However, the effect of cytokine presence may depend not only on the profiles of the cytokines present, but also on the disease status of the knee. 8 This increased cytokine presence may preclude beneficial results from cartilage treatment methods, such as autologous chon- drocyte implantation (ACI), in patients with longstanding cartilage defects and OA. 31, 32 While the direct causal relationship found between knee cartilage defects and OA is unclear, it has been observed that cartilage defect presence may be associated with OA and vice versa, and that cartilage defects may increase the risk of total joint arthroplasty. A study from Carnes et al. found that in older adults (mean age 62.7 years), higher-grade baseline knee cartilage defects were significantly associated with radiographic OA. Furthermore, a major baseline factor associated with increase in defect score was radiographic OA. 33 It has additionally been found that in older adults (mean age 63.6 years), higher-grade baseline knee cartilage defects were not only common (81% of medial, 64% of lateral tibiofemoral, and 55% of patellar cartilages), but also that higher grade defects were associated with knee OA severity and a sixfold increased risk of total joint arthroplasty over 4 years. 34 This study highlights the effect of full-thickness cartilage defects on the progression of knee OA within 2-8 years, as well as insight into the effect that focal cartilage defects may have on younger patients. The current standard of care is to treat symptomatic fullthickness cartilage defects in younger patients with cartilage restoration/repair methods, which makes it impractical to perform a natural history study in this population. Older adults generally do not undergo cartilage restoration or repair therapies for full-thickness cartilage defects of the knee. Some surgeons may elect to perform arthroscopic chondroplasty, although this has not been shown to be effective that physical therapy and medications in the setting of existing OA. 35, 36 The current standard treatment for symptomatic cartilage lesions in older adults is limited to methods such as physical therapy, corticosteroid injections, or debridement/chondroplasty. Debridement/chondroplasty is typically only indicated in patients without significant OA. Unfortunately, none of these modalities will significantly alter the natural history of OA. This study brings to light the need for further treatment alternatives in this patient population to address the damaged cartilage and hopefully slow the progression of OA.
There are limitations to the present study. The relatively short time frame of this study makes it an initial step toward understanding the long-term natural history of full-thickness cartilage defects in the knee. The extent to which age affects OA progression due to cartilage defects is unclear, as there may be a greater healing potential associated with younger age. We also do not know if OA progression due to cartilage defects occurs at the same rate in younger patients, and were unable to show that full-thickness defects cause OA in older patients. The MRI sequences utilized in this study were optimized for quantitative cartilage assessment and evaluation of meniscus tears was therefore not performed. Underlying meniscus tears could cause elevated joint surface loading and potentially accelerate OA progression from cartilage defects, and this possible confounding effect could not be effectively controlled for in the current analysis. The present study did not observe the effect of partial-thickness defects on OA progression, in large part because it can be difficult to accurately assess partial-thickness defects in patients with OA at baseline. We did not observe available biomarkers to pair alongside the imaging data, and thus it is unknown whether or not the presence of full-thickness defects affected the biochemical profile of the knee joint. Further studies are necessary to investigate the effect of age on the progression of knee OA in those with focal cartilage defects, as well as the effect of full-thickness defects on the biochemical profile of the knee joint.
CONCLUSIONS
In older adults, isolated full-thickness cartilage defects do not increase short-term risk of incident OA. However, in the setting of preexisting mild or moderate OA, medial bipolar (kissing) defects increase risk of overall OA progression (KL grade) as well as progression of medial compartment OA. Lateral tibial defects increase risk of lateral compartment OA progression.
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